Kinetic effects ͑thermal and barodiffusion͒ on gas mixture separation induced by an interference optical lattice are studied. Separation effects of these types of diffusion are compared to the selective effect of the optical lattice. New analytical estimates are obtained for the ponderomotive force acting on the gas from the side of the optical lattice. Analytical approximations for the ponderomotive force are compared to results computed by the direct simulation Monte Carlo method. Through computations and analytical estimates, barodiffusion and selective forces are demonstrated to separate the mixture more intensively inside the spot of the optical lattice, while thermal diffusion plays a minor role in the separation.
I. INTRODUCTION
The effect of the interference grating on the gas flow ͑the so-called optical trap of the gas͒ due to gradient forces from a laser field of nonresonant frequency has been intensively studied for the past decade. It was shown 1 that the optical lattice formed by a high-intensity laser can selectively affect gas molecules within a certain range of velocity. In this case, a large force exerted by the lattice on the molecules arises, and the gain in the gas momentum and energy is observed. Possible separation of binary gas mixtures in a capillary has been studied recently. 2 The principal idea here is that the gradient force is selective to a parameter ␣ / m ͑␣ is the polarizability and m is the mass of the molecule͒. 3 The numerical study of the distribution of the mixture species in a closed-end capillary under the optical lattice effect involved analytical estimation of the volume force exerted by the optical lattice, as well as the direct simulation Monte Carlo ͑DSMC͒ method. 4 The presence of the optical lattice induces strong temperature and pressure perturbations in the flow. The effects of temperature and pressure gradients ͑and, thus, thermal and barodiffusion͒, however, have not been studied yet. A possible effect of separation due to temperature and pressure gradients can be of the same order as or greater than the selective forces generated by the optical lattice; hence, a comprehensive analysis of the separation process and the contribution of these different phenomena has to be performed. The goal of our work was to identify the separation properties corresponding to thermal and barodiffusion. The present paper reports a study of the separation process with thermal and barodiffusion taken into account for a model test case of a steady flow between two flat plates. The fraction of species was used as an indicator of separation. The pressure and temperature gradients were calculated, and types of separation due to thermal and barodiffusion were compared. Approximate analytical estimates of terms in the expression for drift velocity corresponding to the force exerted by the optical lattice, barodiffusion, and thermal diffusion were used to explain the physical meaning of the simulation results.
II. POTENTIAL OF THE OPTICAL LATTICE
The field of an interference grating formed by two counterpropagating beams along the x axis with angular frequencies 1 and 2 and electric field intensities E 1 and E 2 can be approximated as 5 
E
2 ͑x,t͒ = E 1 ͑t͒E 2 ͑t͒cos͑qx − ⌬t͒, ͑1͒
where ⌬ = 1 − 2 , q = k 1 − k 2 is the wave vector, k 1 and k 2 are the x-components of the corresponding wave vectors ͑k 2 Ͻ 0͒. The phase velocity of the lattice is V f = ⌬ / q, and the lattice period is 1 =2 / q. Then, the quasielectrostatic approximation of the optical lattice potential for a polarizable molecule in an electric field E becomes U͑x,t͒ = − ␣E 2 ͑x,t͒/2, ͑2͒
where ␣ is the static polarizability of the molecule, and the molecule resonance frequency is assumed to be far from the laser frequency. The gradient force can be presented as
The equations of the molecule motion in the potential ͓Eq. ͑2͔͒ were solved in Ref. 5 . It is seen from that solution that the motion of a single molecule in such a field is defined by its energy in the coordinate system fitted to the optical lattice: if the energy is smaller than the depth of the potential well ␣E 1 E 2 , then the molecule oscillates near the point of equilibrium and moves together with the lattice. Molecules with velocities far from the lattice velocity V f perform infinite motion: they are untrapped. The difference between the molecule and the lattice velocities defining the trapped motion ͑trapping velocity͒ is equal to 
III. OPTICAL LATTICE FOR GAS MIXTURE SEPARATION
It was demonstrated 6 that the optical lattice effect on the gas is manifested in gas heating and in the emergence of a volume force. This effect depends on the following dimensionless parameters:
7 ratio of the trapping velocity to the thermal velocity of molecular motion V tr / v t , the ratio of the phase velocity of the lattice to the thermal velocity V f / v t , and Knudsen number Kn l = / l based on the lattice period.
If the motionless gas mixture between two plates is in diffusion equilibrium, then the species have no relative diffusion velocities normal to the plates. Then the expression for the relative diffusion velocity of the species 4 transforms to the local diffusion balance equation, which has the following form in the one-dimensional case:
It establishes a local relation between the density and the temperature and pressure gradients in the presence of the optical lattice. Here F 1,2 is the volume ͑ponderomotive͒ force exerted by the optical lattice and n = n 1 + n 2 is the total density. The first term of the expression corresponds to diffusion, and the second term corresponds to selective forces, followed by the thermal diffusion and barodiffusion terms, 4 k T is the thermal diffusion ratio related to the coefficient of thermal diffusion ␣ T as n 1 n 2 ␣ T = n 2 k T . In the present study, we use this equation to determine the contributions to separation due to these factors, i.e., a larger corresponding term makes a larger contribution to separation ͓gradient of the mole fraction ٌ͑n 1 / n͔͒.
An analytical estimate of the volume force F x exerted on the gas by the optical lattice is needed to analyze Eq. ͑4͒. For a single species, such an estimate was obtained in Ref. 6 for a high-pressure case where the interaction with the gas occurred in the near-continuum regime ͑Kn l Ͻ 1͒, and the distribution function of molecular velocity was close to Maxwellian. 7 A smooth potential of the optical lattice ͓Eq. ͑2͔͒ was replaced by a periodic rectangular potential with a depth ␣E 1 E 2 and a period l . The velocity vЈ ͑−V tr + V tr ͒ of a trapped molecule is changed by 2mvЈ in each collision with the potential walls ͑vЈ = v x − V f denotes the molecule velocity with respect to the lattice͒. For the mean free path smaller than l , each collision with the potential wall alters the average momentum of the gas. Then the characteristic time of the change in the gas momentum can be estimated as l / vЈ. Hence, the volume force can be assessed by integration over the trapping region of the distribution function, which was assumed to be near equilibrium, f 0 ͑v x ͒ = n ͱ m / ͑2k B T͒exp͓−mv x 2 / ͑2k B T͔͒, in the x-component of molecular velocity. A low trapping velocity V tr allows the first-order Taylor expansion f͑v x ͒ = ͉f 0 ͑V f ͒ + vЈ͑df 0 / dv x ͉͒ V f to be used. It means that the potential depth is small in comparison with the thermal energy of gas molecules. The resulting volume force becomes
where u is the gas velocity. This expression can be used directly for estimating the separation. As was noted in Ref. 6 , the volume force is proportional to the squared intensity:
2 / 2 are the laser beam intensities. This means that the lattice ability to separate gases also depends on the radiation intensity in a similar manner ͓see Eq. ͑4͔͒:
For instance, for a mixture of methane ͑95%͒ and helium ͑5%͒ at 300 K and atmospheric pressure, the selective effect of an optical lattice, which has a phase velocity of 250 m / s and a period of 400 nm and is formed by laser beams with intensities of 5 ϫ 10 14 W / m 2 , would provide a gradient of the helium mole fraction equal to ٌ͑n 1 / n͒Ϸ 1 2 ͑F 1 / 1 − F 2 / 2 ͒ / ͑p͒ = −1.09 m −1 , while the magnitude of separation in the case with I =5ϫ 10 15 W / m 2 is ٌ͑n 1 / n͒Ϸ−109 m −1 , i.e., greater by a factor of 100. Similar to estimate ͑5͒, we obtained several estimates of an equivalent volume force in the case of a lower number density: ജ l . The plateau in the trapping region v x ͑V f − V tr , V f + V tr ͒ of the distribution function profile is generated due to oscillations in the molecular velocity 6, 7 in this regime. If a molecule having a velocity vЈ = v x − V f with respect to the lattice in the trapping region moves between the walls of a rectangular potential ͉͑vЈ͉ Ͻ V tr ͒, then it experiences a collision with the potential well with a change in momentum equal to 2mvЈ. While a collision with a molecule brings additional momentum to the gas, this gain in gas momentum occurs in each / ͑2͉vЈ͉͒ time period, on the average. Integration over the trapping region for the distribution function with a plateau f͑v x ͒Ϸ f 0 ͑V f ͒ = const for vЈ ͑−V tr ,+V tr ͒ and half density n / 2 yields the following expression for the volume force:
In reality, the plateau in the distribution function profile is somewhat smoothed at the border of the trapping region. If the size of the plateau is small in comparison with this "smoothness" scale, then the approximation f͑v x ͒Ϸ f 0 ͑V f ͒ becomes invalid, and estimate ͑6͒ can become incorrect.
This effect is taken into account in another estimate of the volume force for a small-depth potential, which is based on the assumption that the distribution function in a thin trapping region is smooth and is close to linear in the region near the phase velocity. The gain in gas momentum occurs within an average time period of the mean collision time, and the estimates give an expression similar to Eq. ͑5͒,
where the lattice scale is replaced with the collision scale . The distribution function should be directly estimated to justify the choice between Eqs. ͑6͒ and ͑7͒. These estimates of the volume force, together with the corresponding estimates of heat production due to the optical lattice, 2 allow us to consider gas flows. In the present work, we first consider separation due to thermal diffusion in a flow between two plates. Then an optical lattice is imposed. The observed separation enhancement demonstrates the relation between the separation ability of the lattice and the separation induced by thermal diffusion. To study various separation effects using Eq. ͑7͒, separation due to the optical lattice is studied in more detail with no external temperature gradient to make the role of the pressure and temperature changes induced by the optical lattice proper more evident.
IV. TEST PROBLEM
A possible separation tool was constructed by Clausius and Dickel in 1938. 8 It was a vertical tube with a hot wire at the axis and a cold periphery. A temperature difference of about 600°between the wire and the wall was produced. The principle of column operation is based on the increase in the heavy-component concentration near the hot surface due to thermal diffusion and convective separation in the gravity field.
In the present work, we studied a simpler planar case of thermal diffusion between two parallel plates with no gravity effects. Initially, a mixture of 95% methane and 5% helium was uniformly distributed between the plates with a total number density of 3.22ϫ 10 23 m −3 . The temperature of the left plate ͑at x =0͒ was maintained at 300 K, and the right plate located at a distance of 1 mm had a temperature of 900 K. We used a variable hard sphere diameter of d = 4.83 ϫ 10 −10 m and a molecule mass of m = 2.66ϫ 10 −26 kg for CH 4 ; the corresponding parameters for He were d = 2.33 ϫ 10 −10 m and m = 6.65ϫ 10 −26 kg. 4 The reference pressure for this mixture at 300 K was 10 torr. The mean free path for the variable hard sphere approximation of the intermolecular interaction 4 was estimated as 2.76ϫ 10 −6 m for methane and 6.41ϫ 10 −6 m for helium in methane. The DSMC method was used to study the steady state of the gas between two plates. The one-dimensional domain was divided into cells, and a number of simulated molecules were generated in accordance with the initial distribution function: uniform distribution between the plates and equilibrium Maxwell distribution in the space of velocities. The system of molecules was evaluated by the DSMC algorithm, 4 where the forces from the dipole potential of the moving optical lattice were simulated with Eqs. ͑6͒ and ͑7͒. The majorant collision frequency scheme was used for modeling intermolecular collisions. 9 The DSMC results can be interpreted as the numerical solution of the Boltzmann equation and as the reference result for studying flow separation. DSMC computations, 10 however, impose certain restrictions on the Knudsen number; for this reason, a limited range of gas density values was considered.
The temperature and pressure profiles are plotted in Fig.  1 ͑curves 1͒ . A steady flow consists of a stationary gas with a temperature gradient. The pressure profile is almost constant over the channel and stays at 19.6 torr ͓2610 Pa, curve 1 in Fig. 1͑b͔͒ . The temperature gradient is responsible for a change in the fraction of helium in the channel; the difference in the helium mole fraction near the plates reaches approximately 1%, with a rapid decrease to 4.3% near the cold plate and an increase to 5.5% near the hot plate ͑see profile 1 of n He / n in Fig. 2͒ .
V. THERMAL DIFFUSION WITH THE OPTICAL LATTICE
To enhance the separation of helium, we introduced the optical lattice into the region between the plates. The real optical lattice was modeled by an inference grating with uniform intensity in space and time. The lattice was located in the area with a higher density of methane from 0.05 to 0.65 mm, thus, covering 60% of the channel width. The laser intensity was I =5ϫ 10 15 W / m 2 and the lattice velocity was V f = −250 m / s. The polarizability was ␣ = 2.28 ϫ 10 −41 C 2 m 2 / J for the helium atom 11 and ␣ = 2.9 ϫ 10 −40 C 2 m 2 / J for the methane molecule. 3 For these flow parameters, the ratios of the trapping velocity to the thermal velocity, which depends on the laser radiation intensity, were ͑V tr / v t ͒ He = 0.1 for helium and ͑V tr / v t ͒ CH 4 = 0.36 for methane; the gas-density-dependent ratio of the mean free path to the lattice period 7 was about 7.9. In this case, optical trapping mainly affects the methane species, while helium acquires energy and momentum due to intermolecular interactions. The parameter ͑V tr / v t ͒ CH 4 , therefore, can be used as a similarity criterion quantifying the optical lattice effect. Using the dimension analysis and the expression for diffusion balance ͓Eq. ͑4͔͒, we could estimate the contributions of various kinetic effects to the overall separation. Taking into account the characteristic flow scale L and the initial distribution parameters p, n 1 , and n 2 , we can approximate the contribution of barodiffusion to the separation as
The difference in pressure between the plates p͑L͒ − p͑0͒ can be obtained from the condition of equilibrium between the volume force and the pressure gradient dp
By combining these estimates, we can form dimensionless parameters for relations between different separation mechanisms. In the case considered, the contribution of the lattice selectivity with respect to barodiffusion is A s / A p = 0.35, and the contribution of selectivity with respect to thermal diffusion is A s / A T = 0.70.
The effect of the optical lattice on the gas is illustrated in Fig. 1 with dashed curves. Heat production by the optical potential forms an upward-convex temperature profile ͓Fig. 1͑a͒, curve 2͔. The maximum temperature in the channel becomes 1120 K, while the gas temperature near the walls is still close to the wall temperature ͓marked in Fig. 1͑a͔͒ . The pressure profile displays a significant change in pressure across the channel ͑from 3840 Pa near the right plate to 4670 Pa near the left plate͒. The direction of the change in pressure agrees with the force estimate ͓Eq. ͑5͔͒: the volume force direction coincides with the direction of the optical lattice velocity. The difference in the helium mole fractions near the plates is almost doubled ͓the joint effect of thermal diffusion and the optical lattice yields the helium mole fraction of 3.6% near the cold plate, as compared to the effect of thermal diffusion only ͑4.3%͒ ͑see Fig. 2͔͒ .
Thus, a comparison of the helium mole fraction in the case of its separation due to thermal diffusion with and without the optical lattice confirms that the effect of the latter on the separation can be commensurable with the thermal diffusion effect. The result of using laser radiation with 5 ϫ 10 15 W / m 2 is separation equivalent to that obtained by using the temperature gradient of the order of 6 ϫ 10 5 K / m. As follows from Fig. 2 , however, the difference in the mole fraction of the helium species is observed only in a thin layer near the cold wall.
It should be noted that the extraction of such a small admixture fraction ͑5%͒ can be performed by other more suitable techniques, for example, the membrane technique. A mixture with a helium fraction of about 50% is usually available after the first membrane stages of the separation. Next, the possibility of separation of a 1:1 methane helium mixture is considered.
VI. SEPARATION DUE TO THE OPTICAL LATTICE
Lattice-induced separation was simulated for a 1 mm channel with a mixture of helium and methane with an identical spatially averaged number density of 1.61ϫ 10 23 m −3 of each species and both left and right plates having an identical temperature of 300 K. We used the central position of the lattice ͑at x = 0.2-0.8 mm͒ with I =5ϫ 10 15 W / m 2 and V f = 250 m / s in further simulations.
As follows from Fig. 3͑a͒ , the profile of the number density for methane ͑dashed curve͒ has an asymmetric shape. Methane is extruded by the lattice to the right side of the channel, while helium preserves the shape close to symmetric. The density of helium at the channel center is lower than the density in the cold areas near the plates.
The temperature of species i, which is defined as T i = p i / n i k B , where p i is the partial pressure, is shown in Fig.  3͑b͒ . In near-equilibrium gas flows, which are usually associated with the applicability of continuum models, the temperatures of the species are identical. There is a negligible difference in the temperature of the helium and methane species inside the lattice region; this difference disappears outside. The maximum temperature reaches 540 K at the channel center.
Using the change in temperature inside the channel, we can calculate the dimensionless parameters A s / A T = 8.0 and A s / A p = 0.65. The contribution of barodiffusion to separation, therefore, is expected to exceed the contribution due to optical lattice selectivity approximately by a factor of 1.5, while the contribution of thermal diffusion is much less significant ͑one-eighth of the contribution due to selectivity͒.
The partial pressure profiles and the total pressure profile are plotted in Fig. 3͑c͒ . The pressure of methane is seen to experience a monotonic and strong ͑68%͒ change in the lattice region, which results in a roughly linear profile of the total pressure. The total pressure is constant outside the lattice area. We note that the slope of the pressure profile in this area is defined by the volume force from the lattice to the gas F x = dp / dx, and the resulting force can be estimated using the DSMC pressure profile by the least squares method. In the present case, F x DSMC = ͑dp / dx͒ DSMC is 7.91ϫ 10 5 N / m 3 ; for a reference density of 5.358ϫ 10 −3 kg/ m 3 , the corresponding mass force exceeds the standard gravity force approximately by a factor of 1.5ϫ 10 7 . The profiles of the mole fractions for both helium and methane species are shown in Fig. 3͑d͒ . The profiles inside the lattice area x = 0.2-0.8 mm are close to linear. The profiles are slightly convex because of the temperature gradient in the flow. The optical lattice does not directly affect the behavior of the helium fraction in the peripheral area near the plates, but it has to be studied for a comprehensive analysis of the simulated flow separation. The mole fraction of helium decreases near the walls. This can be explained through separation due to simple thermal diffusion in the absence of the pressure gradient and selective forces. As these are the only areas where thermal diffusion plays the governing role, they were studied in much detail.
The slope of the mole fraction and temperature profiles in these peripheral regions of the channel was estimated to verify the reason for the separation there. The thermal diffusion coefficient was estimated separately for the 1:1 methane helium mixture by an example of heat transfer between two plates with temperatures of 300 and 900 K. The estimation procedure 4 is based on the relation for thermal diffusion ٌ͑n 1 / n 2 ͒ = k T ٌ ͑ln T͒, which is transformed to ln͑n 1 / n 2 ͒ = −␣ T ln T + C for the least squares estimation of ␣ T .
The results of this DSMC simulation are plotted in Fig. 4 together with the approximation for ␣ T = 0.260͑k T = 0.0643͒. The temperature gradient for separation due to the optical lattice ͑Fig. 3͒ is estimated as ٌT = 7.06ϫ 10 5 K / m near the left wall and as ٌT = −7.38ϫ 10 5 K / m near the right wall. Using the value of temperature in marginal sampling cells ͑T l = 316 K at x = 0.005 mm and T r = 316 K at x = 0.995 mm͒, we estimated the value of the mole fraction gradient as ٌ͑n 1 / n͒ l,r = k T ٌ T / T l,r . We obtained ٌ͑n 1 / n͒ l = 144 m −1 and ٌ͑n 1 / n͒ l = −152 m −1 , while the estimates based on the DSMC results in Fig. 3 are ٌ͑n 1 / n͒ l DSMC = 155 m −1 and ٌ͑n 1 / n͒ r DSMC = −151 m −1 . These estimates prove the peripheral reduction in separation achieved in the area of the optical lattice, which is the subject for improving the design of real separation devices based on the optical trap effect. Several conclusions can be drawn from these results. First, the presence of the optical lattice leads to intense heating of the entire amount of the gas. The produced heat is transferred to the cold walls via heat conduction with formation of the temperature maximum at the channel center. It leads to a change in the temperature gradient and, hence, alters the direction of thermal diffusion across the optical lattice area. The second conclusion is the presence of a large pressure gradient. These effects combined with force selectivity to species yield a rather complicated pattern of separation. An almost linear behavior of the pressure and mole fraction profiles in the flow considered offers a possibility of direct estimation of the terms ٌ͑n 1 / n͒ and ٌ͑ln p͒n 1 n 2 ͑m 2 − m 1 ͒ / ͑n͒ in the expression for diffuse balance, which correspond to diffusion and barodiffusion, respectively. Consequently, a comparison with the analytical approximation ͓Eq. ͑5͔͒ derived in Ref. 6 can be performed. For the case considered with I =5ϫ 10 15 W / m 2 ; however, the parameter V tr / v T is about 0.36, which is not small enough for the approximation to be applicable.
VII. DSMC ESTIMATION OF THE VOLUME FORCE
The case with a smaller intensity I =1ϫ 10 15 W / m 2 was considered to estimate the applicability of the analytical approximation for the volume force ͓Eq. ͑5͔͒. In this case, the parameter V tr / v T = 0.16 seems to better satisfy the requirements of the approximation. As both parameters A p and A s are proportional to squared intensity, and gas heating at the channel center is lower and reaches approximately 10 K, the ratios between the parameters remain almost unchanged: A s / A T = 7.5 and A s / A p = 0.65. For the simulation with V f = 250 m / s, the least squares estimate of the term ٌ͑n He / n͒ DSMC of the mole fraction profile over the optical lattice area yields 40.7 m −1 . The pressure gradient is 1.50 ϫ 10 5 Pa/ m. For the reference values T = 300 K, n CH 4 = 1.61ϫ 10 23 m −3 , m CH 4 = 2.66ϫ 10 −26 kg, and 1 = 400 nm, Eq. ͑5͒ yields the volume force of 9.13ϫ 10 5 N / m 3 , which is greater by approximately an order of magnitude than the DSMC result. Therefore, approximation ͑5͒ is invalid for this case.
We assume that the difference between the analytical estimate and the DSMC result for the volume force is caused by violation of the assumption that the mean free path is smaller than the period of the optical lattice l . In the case considered, the mean free path can be estimated as 3.06 ϫ 10 −6 m, which is greater than the lattice period equal to 4 ϫ 10 −7 m. For the case of the distribution function with an evident plateau in the profile, estimate ͑6͒ yields 5.47 equate. The profile is smoothed and is closer to the linear approximation, similar to the collisional regime Ͻ l . Estimate ͑7͒ for the case of the model function close to the Maxwell function yields 1.19ϫ 10 5 N / m 3 for the volume force, which ensures the best fit to the DSMC result. Therefore, the distribution function in the form of the Maxwell function and estimate ͑7͒ are best suited for model approximation of the optical trapping effect due to the optical lattice in the case with V tr Ӷ v T and moderate gas density in the transitional regime 7 ജ l .
VIII. BARO-AND THERMAL DIFFUSION
A comparison of terms in the expression of local diffusion balance, based on estimate ͑7͒ and simulation results, is discussed in this part of the paper.
Term 2, −͑F 1 2 − F 2 1 ͒ / p, and term 4, ٌ͑ln p͒n 1 n 2 ͑m 2 − m 1 ͒ / ͑n͒, were estimated using the reference values n 1 = n 2 = 1.61ϫ 10 23 m −3 , T = 300 K, and = 3.05ϫ 10 −6 m. To obtain an analytical estimate of term 4, we used the relation between the mass force and the pressure gradient so that ٌ͑ln p͒ = ͓F 1 ͑V f ͒ + F 2 ͑V f ͔͒ / ͓͑n 1 + n 2 ͒k B T͔, where F 1 and F 2 are the volume forces calculated for methane and helium, respectively. The temperature gradient has a varying direction ͑see Fig. 3͒ ; therefore, there is a problem with justified estimation of the thermal diffusion term. Almost linear mole fraction and total pressure profiles, however, show that the contribution of thermal diffusion is small. In any case, the estimations performed below can be referred to the central point of the channel, where the maximum temperature is reached. We estimate here term 1, ٌ͑n 1 / n͒, under the assumption that there is no thermal diffusion.
Terms 1 and 4 were calculated using the least squares analysis from the profiles in the lattice area, obtained in DSMC simulations. The result of estimations based on the analytical approximation and numerical simulations for seven values of lattice phase velocity are plotted in Fig. 6 .
As follows from Fig. 6 , the analytical estimates for term 4 ͑dash-and-dotted curve͒ are in excellent agreement with the value based on the estimate from the pressure profile obtained by the DSMC method ͑ϫ symbols͒. The analytical estimate of ٌ͑n 1 / n͒ ͑dashed curve͒ predicts the correct value of separation. Consequently, the analytical estimate based on approximation ͑7͒ for the volume force gives a very close quantitative dependence and a correct qualitative dependence of these terms. Term 2 corresponding to the force exerted by the optical lattice cannot be estimated directly from DSMC simulations; hence, the figure shows only the analytical result ͑short-dashed curve in Fig. 6͒ . The good fit between the analytical estimates obtained with the thermal diffusion term neglected and DSMC results points to the small effect of thermal diffusion on the separation process due to the optical lattice. The resulting separation is mainly defined by the pressure gradient induced by the optical lattice and, to a smaller extent, by the force selectivity to ␣ / m.
IX. CONCLUSIONS
Separation of gas mixtures using the optical lattice was studied. Two cases were considered: application of the optical lattice for improvement of thermal diffusion separation of natural gas and separation of a 1:1 methane helium gas mixture ͑enriched mixture͒ with the optical lattice. For separation of natural gas with a combination of the optical lattice and thermal diffusion, the presence of the interference grating changes the mole fraction of helium near the cold wall from 4.3% to 3.6% for the raw mixture with 5% of helium, i.e., the difference in the helium mole fraction between the cold and hot walls increases by more than a factor of 2. Therefore, the effect of the optical lattice was demonstrated to be more intense than the effect of thermal diffusion. The study of the gas flow for such separation shows that the optical lattice produces a fairly complicated gas flow pattern including a large pressure gradient, gas heating, and changes in density. In particular, the temperature profile has a high peak in the central part of the channel. Considerable heating of the gas can lead to sufficient attenuation of optical forces; gas cooling in the presence of the optical lattice seems to be more promising.
Separation due to a single optical lattice pumping methane from the left to the right plate without an additional temperature gradient between two plates was studied. It was shown that a near-continuum flow with a strong pressure gradient can be produced. The fraction of helium in the area near the left plate is about 56% for I =5ϫ 10 15 W / m 2 and about 51% for I =1ϫ 10 15 W / m 2 . These values of intensity are usual for pulsed lasers. The conclusions of the present study are valid for the pulsed regime if the pulse duration is longer than the relaxation processes of lattice-gas interaction and the mean collision time ͑of the nanosecond range͒.
An explanation for the simulation results was found through comparisons of DSMC data with a local expression for diffusion balance. Various analytical expressions for the transitional regime were applied for estimation of the ponderomotive force from the optical lattice to the gas mixture species. For the gas density considered, where the mean free path is greater than the lattice period, the estimates of the selective force were compared to those obtained by the DSMC method. The result of the comparison shows that the real features of the distribution function profile should be taken into account in deriving the analytical estimate. The effect of these features ͑smoothness and inclination of the plateau͒ was demonstrated through comparisons of the model distribution function with the DSMC estimate.
The analysis based on the expression for diffusion balance shows that barodiffusion plays the governing role in separation. Significant separation can be produced at a small scale on the order of the interference pattern formed by two beams using a large pressure gradient. Thermal diffusion leads to a complicated effect at the periphery of the optical lattice and near the walls. These areas were also studied carefully. It was shown that these areas near the plates can be important for separation in the entire region. An analysis of dimensionless parameters ͑As / Ap and As / AT͒ shows that the ratios between the contributions of barodiffusion, thermal diffusion, and selectivity of the optical lattice remain almost unchanged with variations of laser intensity.
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